Although the equine oviduct clearly affects early embryo development and the selective transport of equine embryos through the oviduct indicates a reciprocal interaction, the influence of the embryo on gene expression in the oviduct remains to be determined in the horse. The aim of this study was to examine this by means of RNA sequencing. Four days after ovulation, epithelial cells ipsilateral and contralateral to the ovulation side from five cyclic and five pregnant mares were collected from the oviduct. RNA was extracted, samples were sequenced, and data analysis was performed to determine differentially expressed genes (DEGs) (P value 0.05 and absolute fold change !2) and to provide functional interpretation. A total of 10 743 transcripts were identified and 253 genes were found to be upregulated and 108 to be downregulated in the pregnant ipsilateral oviduct when compared to the cyclic ipsilateral oviduct. Comparison of the ipsilateral and the contralateral oviduct indicated 164 DEGs in pregnant mares and 77 DEGs in cyclic mares. Enriched functional categories were detected only in the comparison of pregnant and cyclic ipsilateral oviducts and showed that the equine embryo affects the expression of immune response-related genes in the oviduct, with marked upregulation of interferon-associated genes. This research represents the foundation for further assessment of the role of specific genes in the early embryo-maternal dialogue of the horse.
INTRODUCTION
Mammalian life begins in the oviduct, an enigmatic structure that provides the optimal, dynamic microenvironment for final gamete maturation, fertilization, and early embryonic development [1] [2] [3] [4] [5] [6] . In the horse, the importance of the oviduct is emphasized by an exceptionally long stay (144-156 h) of the equine embryo [7, 8] , while it undergoes embryonic genome activation and a series of cell divisions up to the early blastocyst stage. Several papers highlight the added value of the oviduct during these important developmental events [1, 9, 10] , arguing against an initial point of view that the mere function of the oviduct is to delay the passage of the embryo while the uterine receptivity is prepared by increasing progesterone concentrations [11] .
Even though it is possible to bypass the equine oviduct by producing the embryos in vitro, the kinetics of development, the incidence of apoptotic cells, the morphology, and the gene expression patterns of these in vitro blastocysts differ markedly from those of their in vivo counterparts [12] [13] [14] [15] . Exposure to the oviductal environment, even in heterologous sheep oviducts, can positively influence embryo development [16] . Premature transfer to the equine uterine environment of cleavage-stage equine in vitro embryos in order to avoid extended in vitro culture does not support pregnancy, again illustrating a specific role of the oviduct during early embryonic development in the horse [17, 18] .
In several species, research on the influence of the environment on embryonic gene expression has revealed important insights in embryo plasticity, and comparing the expression levels of specific embryonic genes is even used to evaluate different embryo culture conditions [19] [20] [21] [22] . But little is known about the other side of the dialogue, that being the maternal response to the presence of an embryo. Studies in pigs and mice show that gametes can modulate gene expression in the oviduct and that the oviduct also responds to the preimplantation embryo, long before the embryonic signal for maternal recognition of pregnancy (MRP) has been spread [23] [24] [25] [26] . Initially, this could not be confirmed in the monovulatory cow, as comparison by microarray of gene expression in pregnant and cyclic bovine oviduct epithelium at 3 days after ovulation revealed no significant influence of the presence of a single bovine embryo. However, when 50 zygotes were endoscopically transferred at once into the oviduct, RNA sequencing (RNA-seq) did reveal 278 differentially expressed genes (DEGs) in the bovine oviduct [27] . In the horse, the molecular aspect of the early embryo-maternal dialogue that occurs in the equine oviduct is still largely unknown, mainly because of the difficult anatomical approach of the mare's oviduct. The presence of early embryo-maternal communication in the horse has been illustrated already by the unique way in which the equine embryo mediates its own transport to the uterus. Production of prostaglandin E2 by the developing conceptus generates relaxation of the oviductal isthmus and allows selective transport of the embryo to the uterus, while unfertilized oocytes are retained within the oviduct [28, 29] . Transcriptomics in equine reproduction has been focused on the embryo-maternal interaction in the uterus around the signaling of MRP (Days 10-14) [30] [31] [32] [33] [34] . Even though the nature of the signal still needs to be elucidated, highthroughput transcriptomics has been shown valuable to gain insight into the pathways involved in the embryo-maternal dialogue.
The aim of this study was to examine the local influence of the equine embryo on the transcriptome of the equine oviduct epithelium and to differentiate this from the effect of ovulation or endocrine pregnancy.
MATERIALS AND METHODS

Sample Collection
All procedures were performed in accordance with the Ethical Committee of the Faculty of Veterinary Medicine of Ghent University (EC2012/144). During the breeding season, the cycles of reproductively sound Warmblood mares were monitored by transrectal ultrasound (5 MHz; Falco; Pie Medical). Six mares displaying uterine edema and a unilateral follicle exceeding 35 mm received 1500 IU human chorionic gonadotropin (Chorulon; MSD Animal Health) intravenously and were inseminated the next day with fresh semen of the same stallion. Five mares were left unbred. Ovulation was evaluated daily by ultrasound and only mares with unilateral ovulations were included in the study. Four days after the detection of ovulation, the mares were slaughtered and both the oviducts ipsilateral and contralateral to the ovulation side were ligated at both ends with nylon surgical suture material and transported separately in PBS (Gibco) on ice during 40 min. Upon arrival in the laboratory the oviducts were washed and dissected free of connective tissue. Subsequently, oviducts were flushed with 1 ml of PBS with 1 mg/ml polyvinyl alcohol (Sigma-Aldrich) and pregnancy of inseminated mares was confirmed by the presence of an embryo in the flushings of the oviduct ipsilateral to the ovulation side. If no embryo was found in the oviducts of inseminated mares, samples were excluded from the experiment. The oviductal lumen was exposed with scissors and the oviduct epithelial cells at the ampullary-isthmic junction were scraped with a surgical blade and conserved in an RNase-free tube at À808C. In total, five biological replicates of four sample types were collected for comparison: 1) epithelial cells from oviducts ipsilateral to the ovulation side of pregnant mares (PI), 2) epithelial cells from oviducts contralateral to the ovulation side of pregnant mares (PC), 3) epithelial cells from oviducts ipsilateral to the ovulation side of cyclic mares (CI), and 4) epithelial cells from oviducts contralateral to the ovulation side of cyclic mares (CC) (Fig. 1 ).
RNA Extraction, RNA Amplification, and Sequencing Library Preparation
Total RNA was extracted using the RNeasy Mini Kit (Qiagen), according to the manufacturers' protocol, including a DNase digestion (Qiagen). Concentration and quality of the total extracted RNA was checked by using the Quantit ribogreen RNA assay (Life Technologies) and the RNA 6000 pico chip (Agilent Technologies), respectively. Subsequently, 500 ng of DNA-free highquality RNA was used to start the library preparation using the Truseq stranded Total RNA library prep kit (Illumina) with rRNA depletion and according to manufacturer's protocol. Libraries were quantified by qPCR, according to Illumina's protocol Sequencing Library qPCR Quantification Protocol Guide. A DNA 1000 chip (Agilent Technologies) was used to control the library's size distribution and quality. In total, 20 RNA-seq libraries were prepared corresponding to five biological replicates for each of the four sample types (Fig. 1) . Sequencing was performed by a high-output run on five lanes of the Illumina Hiseq-2000 sequencer using 2 3 100-bp paired-end reads and with each lane containing four samples in equimolar quantities.
Read Alignment and Differential Gene-Expression Analysis
Reads were mapped to the Ecab2 horse Ensembl genome build in local mapping mode using the CLC Genomics Workbench 7.5.1 software (CLC Bio). Analysis of the obtained RNA-seq data was performed with the CLC Genomics Workbench 8.0.1 software (CLC Bio). DEGs were determined using the empirical analysis of DGE (EDGE) tool, which implements the exact test for two-group comparisons developed by Robinson and Smyth [35] , and which is also incorporated in the EdgeR package [36] . Only uniquely mapping reads were taken into account. EDGE's assumption of similar library distributions was assessed prior to the analysis with boxplots of the log-transformed unique read counts (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org). Genes were considered to be differentially expressed if they had a P value 0.05 and an absolute fold change !2. Genome annotations were obtained from Ensembl, database build 80.
Functional Interpretation of Expressed Genes
Functional interpretation of DEGs was assessed by enrichment analysis for Gene Ontology Biological Process terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Enrichment was considered significant at a Benjamini-Hochberg corrected P value 0.05 and was performed using the Cytoscape v3.0.2 plug-in ClueGO v2.1.1 [37] . Two clusters containing upregulated and downregulated genes, respectively, were defined. Furthermore, Gene Ontology (GO) terms at levels 3-8 in the GO annotation tree were considered, and a term/pathway had to contain at least three DEGs or, alternatively, at least 5% of the term/pathway's associated genes had to be DEGs. The used reference background set for the enrichment analyses was the repertoire of GO terms or KEGG pathways linked to all transcripts present in the whole genome (based on the Ensembl annotation).
Data Availability
Raw and processed data were deposited in the NCBI Gene Expression Omnibus repository under accession number GSE73790.
RESULTS
Six mares were inseminated in order to obtain five pregnant mares, for which pregnancy was confirmed by the presence of an embryo. These pregnant mares were retained for the study and compared with the five unbred mares. In both the pregnant and the cyclic group, one of the mares had a unilateral double ovulation. In the pregnant mare, two embryos were found. The double ovulation did not influence the expression levels of the DEGs when compared to the expression levels in mares with a single ovulation, as determined by a correlation plot between the trimmed mean of M-values normalized counts for all samples.
Out of the, on average, 41 000 000 reads that were generated per sample, 62% were mapped to the equine reference genome. Among 26 991 equine transcripts (excluding splice variants) registered, 10 743 transcripts identified in at least one of the experimental groups (reads per kilobase per million mapped reads . 1 in all replicates of an experimental group) were aligned to the Ensembl Ecab2 genome build. Analysis of gene expression in the oviduct epithelial cells revealed the equine embryo to be the source of greatest variation, whereas the effect of ovulation was only moderate. In the presence of an equine embryo, 253 genes were found to be upregulated and 108 to be downregulated in the pregnant ipsilateral oviduct when compared to the cyclic ipsilateral oviduct (PI vs. CI; Supplemental Table S1 and Figs. 1 and 2 ). The total of 361 DEGs was in the same range when compared with the 278 DEGs found in cattle according to the same analysis and criteria (P , 0.05 and fold change .2) [27] . Comparison of the ipsilateral and the contralateral pregnant oviduct indicated differential expression of 164 genes (PI vs. PC; Supplemental Table S2 and Figs. 1 and 2 ). Twenty-two DEGs were common between both the comparison of PI versus CI and the comparison of PI versus PC (Supplemental Table S3 ), indicating a specific influence of the embryo. Moreover, several DEGs have also been reported in similar studies comparing the transcriptome of reproductive tissues in pregnant and cyclic animals, as summarized in the last column of Supplemental Table S1 [27, 30, 33, [38] [39] [40] [41] . The effect of ovulation was assessed in the comparison of the oviducts ipsilateral and contralateral to the ovulation side of cyclic SMITS ET AL. mares and revealed 77 DEGs (CI-CC, Supplemental Table S4 and Figs. 1 and 2) , of which 40 were upregulated and 37 downregulated.
Functional enrichment analysis detected differences in only the PI-CI comparison with nine GO terms for biological processes and 17 KEGG pathways (Fig. 3) . The most prominent finding was an upregulation of pathways related to the immune system, as illustrated by the GO terms network ''response to virus'' and the KEGG pathway ''graft-versus-host disease.'' Type I interferon-related genes were also found to be upregulated in the presence of an equine embryo. No functional enrichment was detected in the comparison of PI versus PC and of CI versus CC.
DISCUSSION
The objective was to characterize the transcriptomic profile of the equine oviduct and to assess the effect of pregnancy and ovulation. This is the first study reporting large-scale transcriptomics of the oviduct in the horse. By means of RNA-seq, transcriptome blueprints were established for equine oviduct epithelial cells originating from both pregnant and cyclic mares and from both the oviducts ipsilateral and those contralateral to the ovulation side at Day 4 after ovulation (GSE73790). These data provide a reliable reference and a basis for further research on the early embryo-maternal dialogue in the mare.
Statistical analysis of differential expression revealed the biggest differences in the comparison of the oviduct containing the embryo (PI) and the oviduct containing the unfertilized oocyte (CI), representing the commonly published comparison of pregnant and cyclic animals. Overall assessment of pathways suggests that the equine embryo affects the expression of immune response-related genes in the oviduct. The GO terms found to be overrepresented in the presence of an equine embryo strikingly coincide with those reported to be upregulated in bovine oviduct epithelial cells during coculture 
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FIG. 2. Heatmaps indicating differential gene expression in equine oviduct epithelial cells comparing oviducts ipsilateral to the ovulation side of pregnant versus cyclic mares (PI-CI [A]), oviducts ipsilateral versus contralateral to the ovulation side of pregnant mares (PI-PC [B]), and oviducts ipsilateral versus contralateral to the ovulation side of cyclic mares (CI-CC [C]).
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with bovine embryos in vitro [41] . The GO terms including most of the DEGs in equine are ''defense response to other organism'' (11 genes), ''response to virus'' (8 genes), and ''regulation of multi-organism process'' (8 genes), which are similar to the most affected categories in bovine coculture, namely ''immune response'' (8 genes) and ''response to virus'' (8 genes). Although Schmaltz-Panneau et al. [41] found consistent upregulation of these pathways in the presence of bovine embryos, the variation in the GO term ''defense response to organism'' caused by the equine embryo contained both upregulated (CXCL6, DHX58, HERC5, ISG15, MX1, MX2, NKL, OAS2, OASL) and downregulated (MMP7, TREM1) genes. Stimulation of ISG15, MX1, MX2, OAS2, and OASL has also been related to pregnancy in other studies, 
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as displayed in Supplemental Table S1 [30, 33, 38, 39, 41] . Furthermore, the downregulation of TREM1 in the equine pregnant ipsilateral oviduct was also detected when compared to the pregnant contralateral oviduct (Supplemental Table S3 ). TREM1 amplifies inflammatory responses by stimulating the release of proinflammatory molecules, and increased amounts of TREM1 and its soluble form have been associated with reduced embryo quality and complications during pregnancy in human [42, 43] . The downregulation of MMP7 in the pregnant equine oviduct was confirmed in the pregnant bovine oviduct [27] , as well as in the human oviduct in the luteal phase relative to the follicular phase [40] . Proteins of the matrix metalloproteinase (MMP) family are involved in the breakdown of extracellular matrix during embryo development, reproduction, and tissue remodeling [40] . Although downregulation of MMP7 maintains the integrity of the oviduct as the embryo passes, upregulation of several members of the MMP family has been associated with embryo quality and differentiation [44, 45] . Similarly, downregulation of TREM1 during pregnancy creates an anti-inflammatory environment while other immune system-related genes are upregulated, and a delicate balance seems to exist between stimulating and prohibiting factors in these processes. Maillo et al. [27] observed downregulation of immune function-related genes in general. Although an effect on the oviductal expression of immunerelated genes by the embryo is common in all studies, differences in upregulation and downregulation have been observed. Possible explanations include a different experimental setup with transfer of multiple zygotes [27] or coculture versus in vivo development [41] , as well as species-related variations.
An intriguing similarity with cattle concerns the upregulation of interferon-related genes in the equine oviduct epithelial cells surrounding the equine embryo. Overrepresented GO terms include ''type I interferon production'' and ''ISG15-protein conjugation,'' again confirming the findings of Schmaltz-Panneau et al. [41] . Moreover, numerous individual interferon-associated genes found to be upregulated in the pregnant horse oviduct have been reported to be associated with pregnancy in other species, as summarized in Supplemental Table S1 . Among others, IFI44 is upregulated in bovine oviduct epithelial cells during coculture [41] , as well as in the bovine 16-days-pregnant uterus [38] and the porcine 14-days-pregnant uterus [39] , whereas ISG15 is stimulated in bovine coculture [41] , in the luteal phase of the human oviduct [40] , in the murine uterus upon conceptus implantation [46] , and in the 13.5-days-pregnant uterus of a horse [30] . Other common interferon-associated genes reported to be upregulated in the equine 13.5-days-pregnant uterus include IFIT1 and IRF7 [30] . In ruminants, interferon tau represents the signal for MRP; hence, research has been elaborated [38, [47] [48] [49] . In the horse, on the other hand, the pregnancy recognition signal remains to be determined, but implication of interferons seems unlikely as few or no interferons have been detected in equine conceptuses around the timing of MRP [31, [50] [51] [52] . Embryos have been collected between 10 and 55 days of gestation and only Budik [52] reports expression of interferon a1, interferon d, and interferon x2, but the levels are very low between Days 10 and 14 and only increase at Day 16, so after the onset of MRP. Production of interferons by early equine embryos has not been assessed up to now. However, our data suggest a possible role of interferons as early as Day 4 of the equine pregnancy.
Although the influence of interferons during the early embryo-maternal communication in the horse is still ambiguous, the role of prostaglandin E2, produced by the equine embryo and affecting its own selective transport to the uterus, has been illustrated unequivocally [28, 29] . In this regard, a downregulation of hydroxyprostaglandin dehydrogenase (HPGD), an enzyme involved in the degradation of PGE2 and PGF2a, is observed in the pregnant horse oviduct containing the equine embryo, in comparisons to both the pregnant contralateral and the nonpregnant ipsilateral oviduct (Supplemental Table S3 ). The downregulation of HPGD may amplify the effect of embryonic PGE2 production, and it represents the embryo-maternal communication, as a correction is made for the effect of ovulation as well as of endocrine pregnancy. Another interesting gene in Supplemental Table S3 is SLC39A2, which is upregulated in the presence of the equine embryo. Studies in mice show that SLC39A2 plays a role in zinc homeostasis during pregnancy and that it also affects iron and calcium homeostasis; when zinc levels are low, SLC39A2 is crucial for normal embryo development [53, 54] . Other members of the solute carrier family have been associated with pregnancy; SLC36A2 was highly upregulated in the equine endometrium during pregnancy and mediates transport of amino acids and fatty acids during early embryo development [30] .
It is beyond the scope of this study to extensively discuss the expression of individual genes, as functional confirmation of their exact role in the equine embryo-maternal dialogue requires further research. RNA-seq allows the sensitive generation of semiquantitative data from limited starting material and represents the method of choice for gene expression studies nowadays [55] . Analysis of RNA-seq data was performed as reported recently in cattle, because that study resembles this study the closest from a biological point of view, and genes were considered to be differentially expressed if they had a P value 0.05 and an absolute fold change !2 [27] . Although these criteria are not very stringent, they do lead to novel and biologically relevant findings that coincide with literature in other species, namely that the early equine embryo influences the expression of genes related to the immune system in the oviduct epithelium. This supports the hypothesis of Maillo et al. [27] of a maternal response to the embryo in the oviduct of monovulatory species, even though the embryoinduced changes are more subtle than those reported in pluriparous species [25, 26] . Although an effect is likely to be amplified in the presence of multiple embryos, the detection technique also needs to be taken into account. Differential gene expression in bovine pregnant versus cyclic endometrium at Day 13 was detected only by means of RNA-seq, whereas microarray showed no differences [38] . These two factors were changed simultaneously in the study of Maillo et al. [27] , who detected no influence of a single bovine embryo by microarray, whereas DEGs were obtained by RNA-seq after transfer of multiple bovine embryos. In our study, RNA-seq was performed, but only a single equine embryo was present. These differences in the experimental setup might explain the difference in DEGs observed in both studies, but similar pathways were found to be affected. Furthermore, embryoinduced changes can occur very locally. In this study, the epithelial cells were collected at the ampullary-isthmic junction of the oviduct, as the equine embryo stays there during its early development [56] . Even though this is a defined region, dilution of an embryonic effect on the detected gene expression patterns cannot be ruled out, as it might be that an embryo affects only the transcriptome of cells in direct contact with the embryo.
The advantage of the monovulatory horse is that oviducts ipsilateral and contralateral to the ovulation side can be SMITS ET AL. compared within the same animal, providing supplemental information from the experimental setup when compared to pluriparous species. The aim of this study was to focus on the effect of the equine embryo. In the optimal case, a substantial overlap would be expected between the comparison of PI versus PC and that of PI versus CI, representing the embryoinduced DEGs. We found 22 genes, as summarized in Table 3 . Apart from the influence of the embryo, an effect induced by the recent ovulation could be suspected to occur in PI versus PC and not in PI versus CI. As local steroid concentrations have been shown to differ between the equine oviduct ipsilateral to the corpus luteum and the contralateral oviduct [57] , an influence on the local gene expression can be reasonably suspected. Also, gametes affect the oviductal gene expression [23] . In this regard, DEGs in the comparison of PI versus CI can be affected by prior presence of sperm in PI as well as by a general status of pregnancy in PI, both of which are not present in CI. Overall, several factors and interactions can influence gene expression patterns in the oviduct. Generally, in literature, only the comparison between pregnant and cyclic animals is made, which is represented by PI versus CI in our study.
In conclusion, a transcriptomic profile of the oviduct epithelium of the horse is provided for the first time. The equine embryo induces subtle changes in the oviductal expression of genes related to immune function and to interferon signaling. This research provides a solid basis for further unraveling of the role of targeted genes in the early embryo-maternal dialogue of the horse.
